After activation, naive CD4^+^ T cells differentiate into effector T cells with distinct immunoregulatory function. T follicular helper cells (Tfh cells), a newly defined T cell subset, provide essential help to B cells, especially in the germinal center (GC) reactions ([@bib4]; [@bib33]; [@bib40]; [@bib7]). Tfh cells, originally characterized by their chemokine (C-X-C motif) receptor 5 (CXCR5) expression, exhibit a unique gene expression profile distinct from Th1, Th2, and Th17 cells ([@bib6]; [@bib29]). Recently, we and other groups have identified B cell lymphoma 6 (Bcl6) as a transcriptional factor necessary for Tfh cell differentiation and GC reactions; *bcl6*^−/−^ CD4^+^ T cells are impaired in the generation of CXCR5^+^ Tfh cells in vivo ([@bib16]; [@bib30]; [@bib41]).

The relationship of Tfh cells with other T cell lineages has been a topic of debates. Although our group and others have shown that Tfh cells expressed greatly reduced levels of Th1-, Th2-, or Th17-related cytokines and transcription factors ([@bib4]; [@bib29]), several studies reported that Tfh cells, using the CXCR5 marker, still expressed cytokines including IFN-γ ([@bib35]; [@bib16]; [@bib32]), IL-4 ([@bib34]; [@bib19]; [@bib32]), and IL-17 ([@bib2]). Whether these cytokine-producing cells are coexpressing Bcl6 is unclear. With the discovery of Bcl6 as an obligatory factor for Tfh cell generation, the relationship between Tfh cells and other CD4^+^ T helper cells needs reevaluation at the single-cell level.

After the primary immune response, effector CD8^+^ T cells undergo rapid contraction, leaving behind a long-lived antigen-specific memory pool. In this process, Bcl6 was shown to play an important role in maintaining memory CD8^+^ T cells ([@bib14]). However, whether the same is true for Tfh cells is largely unknown. In recent studies, several groups showed that Tfh cells in local lymphoid tissues rapidly enhance the recall response ([@bib12]; [@bib25]; [@bib26]). Although these studies suggest the possible presence of Tfh-like memory cells, their nature and origin are unclear.

In this present study, we developed a Bcl6-RFP reporter mouse and analyzed Tfh development and the relationship of Tfh cells with other effector T cell lineages in vivo by using dual reporter mice and genome-wide transcriptome analysis. We show considerable plasticity in the early phase of T cell differentiation in vivo. However, Bcl6^hi^ Tfh cells are sustained in their phenotypes, and some of them develop as memory-like cells. Thus, Bcl6 expression in T cells specifies the Tfh program.

RESULTS
=======

Generation and characterization of a novel Bcl6-RFP reporter mouse
------------------------------------------------------------------

We have developed a Bcl6-RFP (*bcl6^rfp/+^* or *bcl6^rfp/rfp^*) reporter mouse strain to allow analysis of Tfh cells in vivo. A cassette containing internal ribosome entry site (IRES)--driven monomeric RFP and a bovine growth hormone poly (A) tail was inserted after the stop codon in the 3′ untranslated region (UTR) of *Bcl6* gene through homologous recombination in mouse embryonic stem cells ([Fig. 1 A](#fig1){ref-type="fig"}). This strategy was used to create a transcriptional reporter mouse for *Bcl6* without interfering with the function of Bcl6 protein. After germline transmission, animals carrying the targeted allele were crossed with mice expressing the flippase recombination enzyme (FLP) to remove the *neomycin* (*Neo*) gene. To validate Bcl6-RFP reporter mice, we immunized them with antigen KLH emulsified in CFA s.c. 7 d after immunization, and three populations (CXCR5^−^RFP^−^, CXCR5^+^RFP^lo^, and CXCR5^+^RFP^hi^) of cells were observed in activated (CD4^+^CD44^hi^) T cell population ([Fig. 1 B](#fig1){ref-type="fig"}). After purification by FACS and restaining with anti-Bcl6 antibody, we found that the level of RFP expression correlated well with Bcl6 protein expression ([Fig. 1 B](#fig1){ref-type="fig"}). To assess whether *bcl6* gene expression is affected by *rfp* gene insertion at the 3′ UTR, naive T (CD4^+^CD62^hi^CD44^lo^CD25^lo^) cells were sorted from OT-II mice with chicken OVA-specific TCR and Bcl6-RFP×OT-II mice and transferred in equal numbers into CD45.1 congenic mice. 7 d after immunization, we compared Bcl6 expression in donor cells at both protein and messenger RNA (mRNA) levels and found that Bcl6 expression was not affected by *rfp* insertion (not depicted).

![**Generation and validation of Bcl6-RFP reporter mice.** (A) Schematic map for the mouse *Bcl6* gene locus, targeting DNA construct, and targeted *Bcl6* locus. (B) Bcl6 intracellular staining on sorted cells from Bcl6-RFP reporter mice. Histogram overlay of three populations of T cells: CXCR5^−^Bcl6^−^, CXCR5^+^Bcl6^lo^, and CXCR5^+^Bcl6^hi^. Data are a representative of two independent experiments. (C and D) In naive (C) and KLH/CFA s.c. immunized (D) reporter mice, CXCR5 and Bcl6-RFP expression was assessed on gated CD4^+^ T cells and CD8^+^ T cells from spleens (Sps), dLNs, and Peyer's patches (PPs) by flow cytometry. Also, analysis of GL7^+^Bcl6-RFP^+^ cells is shown in gated B220^+^ B cells. Data are representative of two independent experiments. (E) Summary of data from C and D. Bar graphs display the number of donor cells as mean ± SD. *n* = 3 per group. N.S., no statistically significant difference.](JEM_20120219_Fig1){#fig1}

We then further analyzed Bcl6-RFP expression in peripheral lymphoid tissues before and after immunization. 7 d after immunization with KLH in CFA, Bcl6-RFP expression was significantly up-regulated in both CD4^+^ T cells and B cells (GL-7, a marker for GC B cells) from draining LNs (dLNs) but not in spleens ([Fig. 1, C--E](#fig1){ref-type="fig"}). High percentages of CXCR5^+^Bcl6-RFP^+^ CD4^+^ T cells and GL7^+^Bcl6-RFP^+^ B cells were observed in Peyer's patches, regardless of immunization ([Fig. 1, C--E](#fig1){ref-type="fig"}), which may reflect highly active GCs for constitutive IgA production ([@bib27]). In contrast to CD4^+^ T cells and B cells, CD8^+^ T cells expressed very low Bcl6-RFP ([Fig. 1, C--E](#fig1){ref-type="fig"}). These data collectively showed that RFP served as a reliable marker for Bcl6 expression.

CXCR5 expression is initiated in a Bcl6-independent manner
----------------------------------------------------------

To probe antigen-specific Tfh cell differentiation in vivo, we purified naive CD4^+^ T cells from Bcl6-RFP OT-II mice (CD45.2^+^CD45.1^−^) and transferred into recipient mice (CD45.1^+^CD45.2^+^). After s.c. immunization with OVA emulsified in CFA, recipient mice were sacrificed at the indicated time points, followed by flow cytometry analysis. In the dLNs, the expansion of donor cells peaked at days 4--5 ([Fig. 2 A](#fig2){ref-type="fig"}), and CXCR5 up-regulation on T cells was detected to occur at day 2 after immunization and to reach a plateau at day 3 ([Fig. 2, A and B](#fig2){ref-type="fig"}). In contrast, Bcl6 expression appeared to gradually increase from day 2 to 7 ([Fig. 2, A and B](#fig2){ref-type="fig"}), as shown by both RFP measurement and anti-Bcl6 staining ([Fig. 2 A](#fig2){ref-type="fig"}). To further characterize the transcriptional changes during effector T cell development, we sorted donor OT-II cells from OVA/CFA-immunized mice at different time points and examined the mRNA expression of Tfh-related genes. Consistent with the staining data, expression of CXCR5 mRNA was greatly increased at day 2 after immunization, whereas Bcl6 mRNA was slightly up-regulated at this time point but more substantially on day 3 ([Fig. 2 C](#fig2){ref-type="fig"}). Batf, a transcriptional factor indispensible for Tfh development ([@bib3]; [@bib15]) was slowly up-regulated from day 0 to day 5, whereas substantial enhancement was detected at day 7 ([Fig. 2 C](#fig2){ref-type="fig"}). Another important transcriptional factor, c-maf, reported to be regulated directly by Batf and required for IL-21 and CD40L production ([@bib9]), reached its peak expression on day 3 ([Fig. 2 C](#fig2){ref-type="fig"}).

![**Ontogeny analysis of Bcl6 expression and Tfh cell development.** (A) Naive Bcl6-RFP OT-II CD4^+^ T cells (CD45.1^−^CD45.2^+^) were transferred into CD45.1^+^CD45.2^+^ congenic mice, which were subsequently immunized s.c. with OVA in CFA. Donor cell expansion (top) and CXCR5 and Bcl6-RFP expression in donor cells (middle) were determined by flow cytometry. Intracellular staining of Bcl6 was also performed (bottom). Data are representative of two independent experiments. (B) Expression of CXCR5 and Bcl6-RFP in donor cells was determined at various time points after immunization and shown in line graph as median fluorescence intensity (MFI) ± SD. \*, P \< 0.05; \*\*, P \< 0.01. (C) Quantitative RT-PCR measurement of Tfh-specific genes in sorted donor cells. The graphs display mean ± SD. (A--C) *n* = 3 per group.](JEM_20120219_Fig2){#fig2}

The apparent difference in the kinetics of CXCR5 and Bcl6 expression in the early phase of T cell activation raised a possibility that CXCR5 expression in Tfh cell was not initiated by Bcl6. To test this hypothesis, we transferred naive CD4^+^ T cells from WT or *bcl6*^−/−^ mice into CD45.1 recipient mice, followed by s.c. immunization with KLH + CFA. On day 3 after the immunization, CXCR5 expression was equally enhanced in both WT and Bcl6^−/−^ donor cells (not depicted). To further confirm this result, we transferred naive WT and *bcl6*^−/−^ OT-II T cells into recipient mice, followed by s.c. immunization with OVA/CFA. As shown in [Fig. 3 (A and B)](#fig3){ref-type="fig"}, the expression of CXCR5 expression at day 3 after the immunization was comparable between WT and Bcl6^−/−^ OT-II donor cells but severely decreased in Bcl6^−/−^ OT-II cells at day 7 ([Fig. 3, A and B](#fig3){ref-type="fig"}), indicating that Bcl6 expression in T cells is required for maintaining but not initiating CXCR5 expression.

![**Bcl6 is not required for CXCR5 initiation.** (A) Naive *bcl6*^−/−^ and *bcl6*^+/+^ OT-II T cells were transferred into CD45.1^+^ recipient mice, respectively, and then followed with OVA/CFA immunization s.c., and 3 and 7 d after immunization, donor cells and endogenous host CD4^+^ T cells from dLNs were characterized by anti-CXCR5 and BTLA staining. Data are representative of two independent experiments. *n* = 3 per group. (B) Summary of data from A. Bar graphs display the frequency and number of CXCR5^+^ donor cell as mean ± SD.](JEM_20120219R_Fig3){#fig3}

Polarized transcriptional program associated with Bcl6 expression
-----------------------------------------------------------------

From our aforementioned analysis, antigen-specific CXCR5^+^ T cells seem to exhibit Bcl6^lo/−^ and Bcl6^hi^ phenotypes. The former appeared earlier in immune responses and the latter had further increases of both Bcl6 and CXCR5 expression. To analyze the differences of these two subsets or states of T cells, we sorted three populations of T cells (CXCR5^−^Bcl6^−^, CXCR5^+^Bcl6^lo^, and CXCR5^+^Bcl6^hi^) at day 7 after immunization and conducted surface staining and gene-profiling analysis. Bcl6 expression correlated positively with several known Tfh surface markers, including B and T lymphocyte attenuator (BTLA), inducible T cell co-stimulator (ICOS), and PD-1, and negatively with P-selectin glycoprotein ligand 1 (PSGL1; not depicted). However, 25% of non-Tfh (CXCR5^−^Bcl6^−^) cells also expressed high amounts of ICOS (not depicted), which was consistent with a previous report that ICOS deficiency affected the differentiation of multiple CD4^+^ T cell lineages ([@bib8]).

We next analyzed the gene profiling on three different subpopulations of CD4^+^CD44^+^ T cells via Affymetrix gene chips. After normalization of microarray data, 1,130 genes whose expression changed over twofold across samples were selected and used for hierarchical clustering ([Fig. 4 A](#fig4){ref-type="fig"} and [Table S1](http://www.jem.org/cgi/content/full/jem.20120219/DC1){#supp1}). Based on this analysis, CXCR5^+^Bcl6^hi^ cells appeared to have a distinct gene expression profile from both CXCR5^−^Bcl6^−^ and CXCR5^+^Bcl6^lo^ cells ([Fig. 4 A](#fig4){ref-type="fig"}). Among the analyzed genes, ∼70% were down-regulated in CXCR5^+^Bcl6^hi^ cells compared with CXCR5^−^Bcl6^−^ and CXCR5^+^Bcl6^lo^ cells, whereas ∼75% of them were maintained at intermediate expression levels in CXCR5^+^Bcl6^lo^ cells ([Fig. 4 B](#fig4){ref-type="fig"}). To validate the microarray data, we first analyzed the signature genes representing different T cell lineages and found that Th1 cell--, Th2 cell--, and Th17 cell--associated genes were substantially suppressed in CXCR5^+^Bcl6^hi^ Tfh cells ([Fig. 4 C](#fig4){ref-type="fig"}), consistent with our previous data and other groups' studies ([@bib4]; [@bib29]; [@bib7]). In contrast, Tfh-related genes including *cxcr5*, *bcl6*, *sh2d1a* (*SAP*), and *cxcr4* were highly expressed in CXCR5^+^Bcl6^hi^ cells ([Fig. 4 C](#fig4){ref-type="fig"}). Some of the genes were further confirmed by real-time RT-PCR (not depicted).

![**Global transcriptional changes are associated with Tfh cell development.** Bcl6-RFP reporter mice were s.c. immunized with KLH in CFA. 7 d later, mice were sacrificed, and activated CD44^+^CD4^+^ T cell from dLNs were sorted into three populations: CXCR5^+^Bcl6^hi^, CXCR5^+^Bcl6^lo^, and CXCR5^−^Bcl6^−^ cells. (A) Microarray analysis of sorted cells (duplicated samples). Hierarchical clusters of 1,130 genes for three groups of cells. The color coding applies to the expression level of 1,130 genes with 0 as a median. Each of the samples was duplicated. (B) The percentages of genes associated with relative down-regulation, up-regulation, and intermediate for each population of cells. (C) Heat map of signature genes for Th1, Th2, Th17, T~reg~, and Tfh cells. (D) CXCR5^+^Bcl6^lo^ T cells were sorted on day 3 after immunization and transferred into WT or µMT recipient mice. 2 and 4 d after immunization with OVA + IFA s.c., flow cytometry analysis of CXCR5 and Bcl6 expression was conducted. Data are representative of two independent experiments. Bar graph displays the number of donor cells as mean ± SD. *n* = 3 per group. \*, P \< 0.05; \*\*, P \< 0.01.](JEM_20120219_Fig4){#fig4}

Upon closer examination, notably, a group of differentially up-regulated genes in Tfh cells encoding transferases (16 of 313 genes), hydrolases (29 of 313 genes), DNA-binding proteins (20 of 313 genes), and cell surface receptors (21 of 313 genes) were detected (Table S1). More interestingly, hierarchical clustering analysis showed that CXCR5^+^Bcl6^lo^ cells had an intermediate pattern of gene expression: they expressed certain levels of Th1 cell--, Th2 cell--, Th17 cell--, and regulatory T cell (T~reg~ cell)--related genes and also had up-regulated Tfh marker genes ([Fig. 4 C](#fig4){ref-type="fig"}). These results suggested that CXCR5^+^Bcl6^lo^ cells represented a transitional stage during Tfh development with mixed gene expression patterns.

Thus, CXCR5^+^Bcl6^lo^ cells developed before CXCR5^+^Bcl6^hi^ cells and exhibited a nonpolarized gene expression pattern. To further test their relationship, we sorted CXCR5^+^Bcl6^lo^ OT-II T cells on day 3 after immunization and transferred them into WT or B cell--deficient (µMT) mice, followed by immunization with OVA emulsified in IFA. In WT mice, Bcl6 expression in donor cells was significantly increased, and the numbers of CXCR5^+^Bcl6^hi^ donor cells were expanded at days 2 and 4 after immunization ([Fig. 4 D](#fig4){ref-type="fig"}). Strikingly, the donor cells did not expand or further mature in µMT mice ([Fig. 4 D](#fig4){ref-type="fig"}). These data suggest that B cells were required for intermediate CXCR5^+^Bcl6^lo^ T cells to develop into mature CXCR5^+^Bcl6^hi^ Tfh cells. However, this result is different from previous studies using a viral infection model ([@bib5]; [@bib11]). This discrepancy may be caused by different in vivo models. Also we do not exclude the possibility that B cells are not required for CXCR5 up-regulation, but we suggest that mature Tfh program, associated with Bcl6 expression, may be dependent on B cells for their maintenance. Indeed, another study using a protein/adjuvant immunization mouse model showed that B cells were necessary for Tfh maturation ([@bib13]).

Plasticity of early T cell differentiation in vivo
--------------------------------------------------

These aforementioned observations suggest that Tfh development was associated with gradual transcriptional changes: the signature genes representing Th1, Th2, and Th17 were reduced, and Tfh signature genes were increased. To better analyze the developmental relationships between Tfh and other T cell lineages at the single-cell level, dual reporter mice were generated by crossing Bcl6-RFP mice with three other known reporter mice, i.e., IL-4--GFP (*il4^gfp^*; 4get), IFN-γ--YFP (*ifng^yfp^*; Yeti), and IL-17A--GFP (*il17a^gfp^*; [@bib28]; [@bib36]; [@bib10]). These double reporter mice were s.c. immunized with KLH in CFA for 7 d, followed by FACS analysis with CD4^+^CD44^hi^ gating.

In Bcl6-RFP/IFN-γ--YFP dual reporter mice, we observed a gradual increase of both Bcl6-RFP^+^YFP^+^ and Bcl6-RFP^+^YFP^−^ T cells in a time-dependent manner ([Fig. 5 A](#fig5){ref-type="fig"}). Interestingly, Bcl6-RFP^+^YFP^−^ T cells appeared to dominate over Bcl6-RFP^+^YFP^+^ T cells on day 7 ([Fig. 5 A](#fig5){ref-type="fig"}). When three populations of activated CD4^+^ T cells (RFP^+^YFP^−^, RFP^+^YFP^+^, and RFP^−^YFP^+^) from dLNs were sorted and subjected to measurement of Th1-related genes by quantitative RT-PCR, we found the intermediate expression of T-bet and IFN-γ in RFP^+^YFP^+^ Tfh cells, compared with that in RFP^+^YFP^−^ Tfh cells and RFP^−^YFP^+^ T (Th1) cells (not depicted). Likewise, in Bcl6-RFP/IL-4--GFP mice, RFP^+^GFP^+^ CD4^+^ T cells (1.63--1.78%) were observed at days 5 and 7 after immunization, consisting of \>50% of total Bcl6-RFP^+^ T cells ([Fig. 5 B](#fig5){ref-type="fig"}), which is consistent with previous studies from a Th2-biased animal model ([@bib20]; [@bib32]). Furthermore, we compared the expression of Th2 signature genes among RFP^+^GFP^−^, RFP^+^GFP^+^, and RFP^−^GFP^+^ T cells and found that Gata3 and IL-13 expression was negatively correlated with Bcl6-RFP expression (not depicted). In contrast, IL-4 expression was not decreased in RFP^+^GFP^+^ Tfh cells in comparison with RFP^−^GFP^+^ T (Th2) cells (not depicted), suggesting that IL-4 expression in Tfh cells is not dependent on Gata3 ([@bib22]).

![**Th1 and Th2 but few of Th17 cells are able to become Tfh cells.** (A--C) Dual reporter mice were immunized s.c. with KLH in CFA for 0, 3, 5, and 7 d. Flow cytometry analysis of Bcl6-RFP and eGFP/YFP on gated CD4^+^CD44^+^ T cells from dLNs. Data are representative of two independent experiments. Bar graphs display the percentage and number of double-positive cells as mean ± SD. (A) Flow cytometry analysis of Bcl6-RFP and IFN-γ--YFP from CD4^+^CD44^+^ T cells in Bcl6-RFP/Yeti double reporter mice. (B) Flow cytometry analysis of Bcl6-RFP and IL-4--GFP from CD4^+^CD44^+^ T cells in Bcl6-RFP/4get double reporter mice. (C) Flow cytometry analysis of Bcl6-RFP and IL-17A--eGFP from CD4^+^CD44^+^ T cells in Bcl6-RFP/IL-17A--GFP double reporter mice. (D) The in vitro committed YFP^hi^ OT-II T (Th1) cells were collected from 4-d culture and intravenously transferred into congenic recipient mice (CD45.1^+^). 7 d after immunization with OVA in CFA s.c., donor and host CD4^+^ T cells were subject to flow cytometry analysis of CXCR5 and Bcl6. (E) Flow cytometry analysis of the CXCR5 and Bcl6 expression in donor IL-4--GFP^hi^ OT-II T (Th2) cells and host CD4^+^ T cells. (F) Flow cytometry analysis of the CXCR5 and Bcl6 expression in donor IL-17F--RFP^hi^ OT-II T (Th17) cells and host CD4^+^ T cells after transfer and immunization. (D--F) Data are representative of two independent experiments. (G) Summary of data from D--F. Bar graphs display the percentage and number of donor cells as mean ± SD. (H) In the assay of conversion from Th1 to Tfh cell (D) and from Th2 to Tfh cell (E), 7 d after immunization, donor cell--derived CXCR5^+^Bcl6^hi^ (Tfh) and CXCR5^−^Bcl6^−^ (Non-Tfh) were sorted and subjected to the measurement of cytokine expression by quantitative RT-PCR. Data are representative of two independent experiments displayed as mean ± SD. *n* = 3 per group. N.S., no statistically significant difference.](JEM_20120219_Fig5){#fig5}

Distinctly, the immunized IL-17A--GFP/Bcl6-RFP dual reporter mice displayed few signal overlays between IL-17A--GFP^+^ and Bcl6-RFP^+^ T cells ([Fig. 5 C](#fig5){ref-type="fig"}). To rule out the possibility that the lack of GFP^+^RFP^+^ T cells was caused by weak IL-17A--GFP, we immunized dual reporter mice with a higher concentration of adjuvant CFA (5 mg/ml) + KLH. 7 d later, although the percentage of IL-17A--GFP^+^ T cells was increased, the population of GFP^+^RFP^+^ T cells was still negligible (not depicted). Therefore, the aforementioned data indicated that although Tfh cell commitment required the down-regulation of Th1 and Th2 signature genes, Bcl6^hi^ Tfh cells might share intrinsic developmental regulation with Th1 and Th2 cells but not with Th17 cells.

To further test the plasticity of T cells, we generated OVA-specific Th1, Th2, and Th17 cells in vitro with naive OT-II reporter T cells under polarizing conditions and then transferred IFN-γ--YFP^hi^ (Th1), IL-4--GFP^hi^ (Th2), or IL-17F--RFP^hi^ (Th17) into recipient mice, respectively ([Fig. 5, D--F](#fig5){ref-type="fig"}). Consistent with the observation obtained from dual reporter mice, on day 7 after OVA/CFA immunization, 27.2% of IFN-γ--YFP^hi^ Th1 cells and 19% of IL-4--GFP^hi^ Th2 cells gained Tfh cell phenotypes (CXCR5^+^Bcl6^+^) in the dLNs ([Fig. 5, D, E, and G](#fig5){ref-type="fig"}), whereas no significant Bcl6 and CXCR5 expression was detected in donor IL-17F--RFP^hi^ Th17 cells ([Fig. 5, F and G](#fig5){ref-type="fig"}), which is in agreement with our previous study on the stable phenotype of Th17 cells in vivo ([@bib31]). Furthermore, we examined the changes in cytokine expression between Th1/Th2 and Th1/Th2-derived Tfh cells. As shown in [Fig. 5 H](#fig5){ref-type="fig"}, IFN-γ and IL-4 expression was substantially decreased in T cells once they gained the Tfh phenotype, suggesting a Tfh-specific transcriptional suppression. Collectively, our results demonstrated that both Th1 and Th2 but few of Th17 cells were able to become Tfh cells.

Tfh cells can be sustained and develop into memory cells
--------------------------------------------------------

Our aforementioned results have unveiled considerable plasticity in early T cell differentiation in vivo. To address whether Tfh cells can be reprogrammed into other Th lineages, we sorted Tfh and non-Tfh cells from Bcl6-RFP reporter mice immunized with KLH in CFA. When they were cultured under different polarizing conditions in vitro, they were able to express genes associated with other T cell lineages (not depicted), similar to a recent study using CXCR5^+^PD-1^+^ Tfh cells ([@bib23]). We thus tested their plasticity in vivo by transferring equal numbers of Tfh and non-Tfh cells into naive recipient mice, followed by KLH/IFA immunization s.c. ([Fig. 6 A](#fig6){ref-type="fig"}). Surprisingly, 7 d after immunization, we found that \>80% of donor Tfh and non-Tfh cell in dLNs maintained their phenotype based on the expression of CXCR5 and Bcl6 ([Fig. 6 B](#fig6){ref-type="fig"}), suggesting that Tfh and non-Tfh cells were stable in vivo.

![**The stability and plasticity of Tfh cells in vivo.** (A) Experimental design for testing Tfh stability in vivo. (B) The sorted effector Tfh and non-Tfh (CD45.2^+^) cells were adoptively transferred into congenic recipient mice (CD45.1^+^). 7 d after s.c. immunization with KLH in IFA, the expression of CXCR5 and Bcl6 in donor Tfh and non-Tfh cells was measured by flow cytometry. Data are representative of two independent experiments. Bar graphs display the number of donor cells as mean ± SD. *n* = 3 per group.](JEM_20120219_Fig6){#fig6}

Because effector Tfh cells remained stable in vivo, we then assessed whether CXCR5^+^Bcl6^hi^ Tfh cells can form memory cells. First, we analyzed Bcl6-RFP reporter mice at a later stage after immunization. 30 d after immunization with KLH in CFA s.c., a small population of CXCR5^+^Bcl6^hi^ (∼4.5%) cells was still detectable in dLNs, and Bcl6-RFP expression was highly correlated with PD-1 ([Fig. 7 A](#fig7){ref-type="fig"}). Consistently, a similar CXCR5^+^Bcl6^hi^ population was observed in mice 30 d after receiving i.p. injection of KLH emulsified in CFA (not depicted), and these cell lacked surface IL-2Ra ([@bib5]) and Ly6C (a surface marker down-regulated in memory CD4^+^ T cells; not depicted; [@bib26]). Thus, these results indicated the existence of memory Tfh cells. To further confirm this, we transferred naive Bcl6-RFP OT-II T cells into congenic recipient mice, followed with OVA/CFA immunization. 21 d after immunization, 11% of donor cells expressed both CXCR5 and Bcl6 ([Fig. 7, B and C](#fig7){ref-type="fig"}). Also, those CXCR5^+^ donor cells lacked Ly6C expression (not depicted), exhibiting a feature of memory CD4^+^ T cells. When quantifying the gene expression of persistent CXCR5^+^Bcl6^hi^ cells, we found that these cells maintained effector Tfh signature gene expression (not depicted).

![**Memory Tfh cells promote humoral recall responses.** (A) 30 d after immunization with KLH in CFA s.c., flow cytometry analysis of CXCR5 and Bcl6-RFP expression in activated T cells from Bcl6-RFP reporter mice was performed. Data are representative of two independent experiments. (B) Experimental design for functional analysis of mTfh and non-mTfh cells. (C) CXCR5^+^Bcl6^hi^ or CXCR5^−^Bcl6^−^ OT-II CD4^+^ T cells (CD45.1^+^) were purified 21 d after immunization and adoptively transferred at equal number (1.5 × 10^5^) into naive congenic recipients (CD45.2^+^). 7 d later, the phenotype of donor cells in the dLNs and their population were determined by flow cytometry. (D) Flow cytometry analysis of GL7 and Fas on B220^+^ B cells from mTfh and non-mTfh transferred recipients; the nontransfer mice were set as controls. (E) The percentage of GL7^+^Fas^+^ B cells in dLNs was quantified. (F) OVA-specific antibody levels (total IgG, IgG1, and IgG2a) were determined by ELISA. (C--F) Cumulative data are representative of two independent experiments displayed as mean ± SD. *n* = 4 per group. \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20120219_Fig7){#fig7}

To investigate whether long-lived memory Tfh cells can contribute to recall responses for subsequent antigen challenge, we sorted and transferred day 21 CXCR5^−^Bcl6^−^ and CXCR5^+^Bcl6^hi^ memory T cells into naive recipients, respectively, and assessed their capacity to help B cells in vivo ([Fig. 7 B](#fig7){ref-type="fig"}). 7 d after challenge with OVA in IFA, we observed a larger number of CXCR5^+^Bcl6^hi^ donor-derived OT-II cells in the dLNs compared with the CXCR5^−^Bcl6^−^ counterpart ([Fig. 7, B and C](#fig7){ref-type="fig"}). Of note, in both groups, the majority of donor-derived cells maintained their initial phenotype: ∼70% of CXCR5^+^Bcl6^hi^ donor-derived cells maintained high levels of CXCR5 and Bcl6 expression; \>90% of CXCR5^−^Bcl6^−^ donor-derived cells lacked CXCR5 or Bcl6 expression ([Fig. 7 C](#fig7){ref-type="fig"}). As expected, transfer of CXCR5^+^Bcl6^hi^ OT-II cells increased the frequencies of GC B cells compared with the CXCR5^−^Bcl6^−^ OT-II counterpart ([Fig. 7, D and E](#fig7){ref-type="fig"}). As an additional measure of B cell help, we examined the anti-OVA IgG titers in the sera and found that anti-OVA IgGs including total IgG, IgG1, and IgG2a were significantly enhanced in mice receiving memory Tfh cells ([Fig. 7 F](#fig7){ref-type="fig"}). Thus, long-lived CXCR5^+^Bcl6^hi^ T cells as memory cells contribute to robust GC reaction in humoral recall responses.

To test whether long-lived CXCR5^+^Bcl6^hi^ cells are directly derived from effector Tfh cells, naive Bcl6-RFP OT-II cells were transferred into recipient mice. 7 d after immunization, CXCR5^+^Bcl6^hi^ Tfh cells were purified from dLNs and transferred into naive recipient mice, followed by OVA + IFA immunization. 30 d after immunization, ∼50% donor cells were still present as CXCR5^+^Bcl6^hi^ cells (not depicted). To test whether effector Tfh cells can survive in the absence of antigens, we transferred effector Tfh and non-Tfh OT-II cells into recipient mice. 20 d later, the recipient mice were immunized to analyze memory T cells at present ([Fig. 8 A](#fig8){ref-type="fig"}). Flow cytometry analysis showed that transferring effector Tfh cells resulted in a substantially larger amount of CXCR5^+^Bcl6^hi^ cells in both dLNs and spleens of recipient mice compared with that in non-Tfh transferred mice ([Fig. 8, B and C](#fig8){ref-type="fig"}). Consistent with a recent study using IL-21 reporter mice ([@bib24]), our findings showed that Tfh cells were able to survive in an antigen-free environment as memory Tfh cells.

![**Effector Tfh cells can develop into memory Tfh cells.** Naive Bcl6-RFP OT-II cells (CD45.2^+^) were transferred into CD45.1^+^ recipient mice, followed by s.c. immunization with OVA in CFA for 7 d. CXCR5^+^Bcl6^hi^ OT-II T cells were then purified and transferred into naive mice (1.5 × 10^5^ cells/mouse). 20 d later, recipients were immunized with OVA + CFA for another 3 d, and then the phenotypes of donor cells in the dLNs and spleens were determined by flow cytometry. Data are representative of two independent experiments. *n* = 3 per group. (A) Experimental strategy of examining the transition from effector Tfh to memory Tfh cell. (B) Flow cytometry analysis of CXCR5 and Bcl6 in donor Tfh and non-Tfh cells is shown. (C) After adoptive transfer and immunization, the cell numbers of CXCR5^+^Bcl6-RFP^+^ and CXCR5^−^Bcl6-RFP^−^ donor-derived cells were summarized and compared. Cumulative data are representative of two independent experiments displayed as mean ± SD.](JEM_20120219_Fig8){#fig8}

DISCUSSION
==========

The cellular and molecular regulation of Tfh cell development has recently been extensively studied. The transcription factor Bcl6 not only is selectively expressed in Tfh cells but also controls Tfh cell generation. Here, by using Bcl6-RFP reporter mice, we performed phenotypic, functional and genome-wide transcriptome analysis of Tfh cells generated in vivo and found that the initial up-regulation of CXCR5 was not dependent on Bcl6. Moreover, once T cells up-regulated Bcl6, they could be sustained in vivo with or without antigen and form functional memory cells.

Because Bcl6 was shown as the master regulator of Tfh cells, it is important to understand the regulation of Bcl6 expression. In a recent work, a Bcl6-YFP reporter mouse was generated via fusing Bcl6 with YFP ([@bib21]). It was acknowledged by the authors that the Bcl6-YFP fusion protein has compromised function. In their study, Bcl6-YFP was shown to be initially up-regulated together with CXCR5 on all T cells as early as day 2 after immunization, at its peak at day 3, and then subsequently down-regulated. This phenotype was also observed by another group using the same strategy of cotransferring both antigen-specific T cells and B cells, which may lead to accelerated Tfh cell differentiation ([@bib17]; [@bib18]). In this study, we developed a new Bcl6-RFP reporter mouse in which an *ires-rfp* sequence was inserted into the 3′ UTR of the *Bcl6* gene to allow for reporting its transcription without interfering with the function of the native protein. We found that RFP faithfully correlates with endogenous Bcl6 expression. We also found that, from day 2 to 7, Bcl6 expression was gradually up-regulated along with Tfh development and was maintained for a certain period of time.

Different from the sequential increase in Bcl6 expression during Tfh development, we found that CXCR5 expression was rapidly enhanced and maintained at high level in activated T cells. This finding suggested that initial CXCR5 expression may be Bcl6 independent. Indeed, CXCR5 expression was found intact in *bcl6*^−/−^ OT-II cells on day 3 after immunization. Thus, the initiation of mouse CXCR5 expression in T cells is independent of Bcl6, whereas its maintenance requires Bcl6. The mechanisms by which CXCR5 and Bcl6 are differentially regulated remain unclear and require further investigations.

At an early stage of Tfh development, some of the activated T cells up-regulated the expression of Tfh genes while maintaining expression of Th1, Th2, and Th17 genes. These intermediate Tfh cells can be further matured into CXCR5^+^Bcl6^hi^ Tfh cells with the help of cognate B cells. The resulting Bcl6^hi^ expression appeared to correlate with the formation of GC structures (unpublished data). Earlier studies from other groups and ours demonstrated that Tfh cells expressed low levels of Th1, Th2, and Th17 cytokines ([@bib6]; [@bib37]; [@bib29]). However, studies from pathogen-infected mouse models observed IFN-γ-- and IL-4--secreting Tfh cells in the GCs ([@bib20]; [@bib32]). Using dual reporter mice (Bcl6-RFP/Yeti and Bcl6-RFP/4get) immunized with KLH in CFA, we found that a certain amount of Bcl6^hi^ Tfh cells were simultaneously expressing the reporter genes inserted into the *Ifng* or *Il4* gene locus. Also, both Th1 and Th2 cells were able to become Tfh cells. After being converted, the expressions of Th1/Th2 signature genes in Bcl6^+^ cells were significantly reduced, suggesting a mechanism of Bcl6-dependent Tfh programming. Nonetheless, Th17 cells hardly became Tfh cells, which is consistent with an earlier study of human Th17 cells ([@bib1]). However, our data do not exclude the possibility that Th17 cells function in supporting B cell responses at extrafollicular sites, as suggested by identification of IL-21^+^ T cells located outside of follicles ([@bib19]).

After maturation, the fate of Tfh cells remains an important question. Several recent studies have shown that the persistent deports of peptide--MHC class II after the primary immune response allow CXCR5^+^ T cells to survive the contraction phase and eventually become the long-lived memory compartment, albeit with diverse characteristics ([@bib12]; [@bib25]; [@bib26]). In this study, we found that long-lived memory Tfh cells (either polyclonal or monoclonal) could be derived from effector Tfh cells and were able to accelerate GC response. Our study also provided direct evidence that the transition from effector Tfh to memory Tfh cells occurred in the absence of antigen, which was in agreement with a very recent observation from IL-21 reporter mice ([@bib24]).

Overall, we have used a novel Bcl6 reporter system to analyze Tfh cell development and memory Tfh cell generation. Our results have dissected the process of Tfh development by showing the Bcl6-independent up-regulation of CXCR5 expression and revealed the transition from effector Tfh to memory Tfh cell. Our data together specified Tfh cells in vivo with Bcl6 expression.

MATERIALS AND METHODS
=====================

### Generation of Bcl6-RFP reporter mice.

The Bcl6-RFP mice were generated by the insertion of IRES-mRFP-polyA construct after the stop codon of *Bcl6* by homologous recombination using the 129/TC1 embryonic stem cell line. An Frt-flanked NeoR and diphtheria toxin served as positive and negative selection markers in the targeting vector, respectively. Targeted embryonic stem clones were injected into C57BL/6 blastocysts to generate chimeras. Bcl6-RFP reporter mice were obtained after deletion of NeoR cassette by crossing with Flper strain. Bcl6-RFP reporter mice were backcrossed to C57BL/6 background for six to eight generations. Bcl6-RFP reporter mice on C57BL/6 background were used along with age- and sex-matched B6, B6sjl, and B6×B6sjl mice.

The genotyping primers for Bcl6-RFP reporter mice were as follows: forward, 5′-GTCTCTTCAGTGTGAGAAGTG-3′; and reverse, 5′-CTTCGGCCAGTAACGTTAG-3′, amplifying an ∼350-bp band. Primers for WT control mice were as follows: forward, 5′-AGTCCGAGGGACCCGTGAGC-3′; and reverse, 5′-TATGATTTGCACTAGTGGATG-3′, amplifying an ∼500-bp band.

### The other mice.

OT-II, 4get, µMT, Rosa26-FLP1, and B6sjl (CD45.1) mice were purchased from the Jackson Laboratory. Yeti mice were provided by R.M. Locksley (University of California, San Francisco, San Francisco, CA; [@bib36]). IL-17A--GFP and IL-17F--RFP reporter mice were previously reported ([@bib38]; [@bib10]). *bcl6*^−/−^ mice were provided by R. Dalla-Favera (Columbia University, New York, NY; [@bib39]). Mice were housed in a specific pathogen--free animal facility at the University of Texas MD Anderson Cancer Center, and animals were used according to the protocols approved by the Institutional Animal Care and Use Committee.

### Th cell differentiation and cell transfer.

Naive CD4^+^CD25^−^CD44^lo^CD62L^hi^ T cells from Yeti/OT-II, 4get/OT-II, and IL-17F--RFP/OT-II mice were sorted by flow cytometry and activated with irradiated APCs plus 10 µg/ml OT-II peptide under the conditions for Th1, Th2, and Th17 cell differentiation. 4 d after activation, GFP^hi^ or RFP^hi^ cells were purified before transfer. Naive Bcl6-RFP/OT-II T cells, in vivo generated OT-II Tfh (CD4^+^ Bcl6-RFP^+^CXCR5^+^) cells, or in vitro differentiated Th1, Th2, and Th17 cells were intravenously transferred into congenic recipient mice. Cell transfer numbers for different cells were as follows: 10^6^ for naive T cells, 10^6^ for Th helper cells, and 10^5^ for Tfh cells.

### Microarray.

Total cellular RNA was extracted from sorted Tfh (CD4^+^CD44^+^Bcl6-RFP^+^CXCR5^+^), intermediate Tfh (CD4^+^CD44^+^Bcl6-RFP^−^CXCR5^+^), and non-Tfh (CD4^+^CD44^+^Bcl6-RFP^−^CXCR5^−^) cells with TRIZOL reagent (Invitrogen). DNA microarray labeling and analysis were performed by the microarray core at the Institute for Systems Biology. Approximately 10 µg RNA was labeled and hybridized to GeneChip Mouse Genome 430.2 arrays (Affymetrix) according to the manufacturer's protocols. Expression values were defined with GeneChip Operating Software (GCOS; Affymetrix). The microarray data have been deposited into the NCBI GEO database under accession no. [GSE40068](GSE40068).

### Real-time RT-PCR analysis.

Total RNA was extracted with TRIZOL reagent. Oligo (dT) and MMLV reverse transcription (Invitrogen) were used to generate cDNA. The expression levels of genes were normalized to a reference gene β-actin. The primer pairs for real-time RT-PCR analysis of Bcl6, CXCR5, IL-21, IL-4, Gata3, IFN-γ, T-bet, Il-17A, and RORγ were previously described ([@bib29]). The primer pair for detection of Batf is forward, 5′-GGCAAACAGGACTCATCTGATGATG-3′; and reverse, 5′-GGCAGCCCGGCCTCAGTTTACATG-3′. Primers for C-maf are forward, 5′-GCAGAGACACGTCCTGGAGTCG-3′; and reverse, 5′-CGAGCTTGGCCCTGCAACTAGC-3′.

### Online supplemental material.

Table S1, included as a separate PDF file, shows gene expression profiles of Tfh (CXCR5^+^Bcl6-RFP^hi^), intermediate Tfh (CXCR5^+^Bcl6-RFP^lo^), and non-Tfh (CXCR5^−^Bcl6-RFP^−^) cells. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20120219/DC1>.
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